Introduction
With high selectivity and sensitivity, immunosensors have attracted extensive attention in clinical diagnosis, food analysis and the monitoring of environment contaminants. [1] [2] [3] [4] Immunosensors can be divided into two dominating kinds: direct (label-free) and labeled. 5 For a labeled immunosensor, it was expensive, time consuming and the procedure complicated. However, a label-free immunosensor 6, 7 has provoked more interest for many reasons, such as simplicity and real-time compared with the traditional immunoassay technology, like enzyme-linked immunosorbent assay (ELISA) 8 and radioimmunoassay. 9 Among those immunosensors, the capacitive immunosensor has attracted more interest with high sensitivity, rapid test time and common instrumentations [10] [11] [12] [13] [14] [15] compared with other types of direct biosensors, such as surface plasmon resonance, 16, 17 quartz crystal microbalance (QCM), 18 surface acoustic wave, 19 and surface scanning detection. 20 The fabrication of a biocompatible layer is more pivotal to a capacitive immunosensor. It must firstly be sufficiently insulated and hole-free, or else electro-activated ions can move through the layer, causing interference of the faradaic current, leading to a decrease or disappearance of the signal. Furthermore, it should be extraordinary thin. Otherwise, the capacitance of the diffuse layer of the electrode might utmost contribute to the total capacitance of the immunosensor, which would induce a capacitance decrease, caused by the interaction of an antibody-antigen, which could not be prominently detected. 21, 22 Self-assembled monolayers (SAMs) on noble-metal surfaces were often employed in biosensor technology based on capacitance measurements. 23, 24 Compounds containing thiol, 25 sulfide 26 and disulfide 27 groups were often chosen to spontaneously form functional films to immobilize biomolecules. SAMs have presented highly ordered and well-organized structure on metal substrates. 28 However, capacitive immunosensors based on SAMs have often adopted the covalent immobilization technology of antibodys on thiol-modified films, which had a relatively long analysis time, and made the procedure complicated. On the other hand, the self-assembled layer might not be able to completely cover the gold electrode surface to keep the surface of the resulting electrode in sufficient electric isolation. So, to block any possible pinholes or defects on the surface, the electrode should be assembled once again with one kind of long-chain alkanethiol solution, such as n-dodecanethiol. 22 However, such a treatment might cause a loss of activity and sensitivity of the capacitance immunosensor. Recently, Jiang et al. reported a capacitive immumosensor based on an antibody-embedded ultrathin γ-alumina sol-gel film for the direct determination of liver fibrosis markers.
A capacitive sensing method based on a CuS ultrathin film modified electrode prepared by a surface sol-gel technique has been developed for the direct detection of human IgA. The resulting CuS film was investigated with cyclic voltammetry (CV), impedance spectroscopy, and quartz crystal microbalance (QCM). CV and impedance examinations showed that the CuS film formed on the gold electrode surface was insulated, and was applicable to form an insulating layer of a capacitive immunosensor. With QCM measurements, the thickness of the CuS film was evaluated to be 5.8 nm. The capacitance change was greatly increased by a CuS nanofilm-based immunosensor, which was initiated by the recognition of an immobilized antibody and the target antigen. The capacitance of the immunosensor corresponding to the concentration of human IgA was investigated by potentiostatic-step measurements. A linear calibration curve was obtained in the range of 1.81 -90.5 ng ml -1 with a detection limit of 1.81 ng ml -1 . There were no obvious interferences from the nonspecific adsorption of other proteins. With nice reproducibility and regeneration capacity, the CuS ultrathin film modified immunosensor could be used for the detection of human IgA in serum samples with a recovery of 96.1 -104.4%, showing its promising applicability and reliability. antibody-embedded gel film was not able to regenerate well, and a new electrode had to be prepared for each measurement.
In this paper, a novel method for preparing capacitive immunosensors based on CuS sol-gel film is presented. A potentiostatic-step method was employed to measure the capacitance change for bio-analysis purposes by its high sensitivity, rapid test time and simplicity. The fabricated CuS film was an insulative and ultrathin layer (about 6 nm) with the thickness being controllable, thus allowing a label-free capacitive measuring approach for many times of use-regeneration. The interaction principal of a CuS gel film modified capacitance immunosensor is that the copper ions could form a chelate with -NH2 and -COOH groups, making it possible to examine various protein biomolecules, like human immunoglobulin A, which has demonstrated the applicability of CuS gel film as a capacitance immunosensor.
Experimental

Reagents and apparatus
Human immunoglobulin A (human IgA) and goat anti-human IgA antibody were purchased in the lyophilized form from China Biotechnology Co., Shanghai Institute of Biological Products (Shanghai, China). Bovine serum albumin (BSA) was purchased from Beijing DingGuo Biological Company (Beijing, China). Normal human reference serum (containing 11.4 mg ml ) and a BSA solution (1.0 mg ml -1 ) were prepared by dissolving the powder with the PB solution. All other chemical reagents were of analytical reagent grade and used as received. Double-distilled water was used throughout the experiment.
Piezoelectric quartz crystals (AT-cut, 9 MHz, gold electrode (0.2826 cm 2 )) were provided by Shanghai Chenhua Equipment (Shanghai, China). To avoid any disturbance in the electrochemical measurement, the silver wires of the crystal were sealed with insulated glue. The crystal was driven through an oscillator circuit (TTL-IC). A high-frequency counter (Model FC 1250, Wellstar) was used to record the oscillation frequency.
All electrochemical experiments were performed in a conventional electrochemical cell containing a three-electrode system in a 25-mL batch cell. The working electrode was a gold disk electrode (5.0 mm diameter), the auxiliary electrode was a platinum foil and the reference electrode was a saturated calomel electrode (SCE). The temperature was kept at room temperature. All potentials measured referred to the SCE. Potentiostatic-step measurements for immunosensors were performed with an electrochemistry working station (Model CHI-760B; CH Instruments, USA) in a 10 mM PB solution (pH 7.0). Cyclic voltammetric measurements were implemented with CHI-760B simultaneously in the presence of a 5. 
Preparation of CuS ultrathin film
The fabrication process of CuS film is illustrated in Fig. 1 . The gold electrode of the quartz crystal as substrate was firstly cleaned with a "piranha" solution containing 3 parts (98%) of H2SO4 and 1 part (30%) of H2O2, then rinsed with double-distilled water and dried with pure nitrogen gas (Caution: Because "Piranha" solution reacts violently with organic compounds, it should be handled with extreme care, and not be stored in a sealed container).
The treated electrode was immediately immersed in a solution of 1.0 × 10 -3 M cysteine in a HOAc-NaOAc buffer solution (pH 5.0) for 24 h at 4 C. After being taken from the solution, the electrode was rinsed with a HOAc-NaOAc buffer solution and double-distilled water, and blown dry with nitrogen gas. The electrode was then immersed in 1.0 × 10 -3 M Cu(OAc)2 in a HOAc-NaOAc buffer solution (pH 5.0) for another 24 h at 4 C, followed by procedures mentioned elsewhere. 29, 30 After the above-mentioned operations, the Cu 2+ ion was assembled on the surface of the gold electrode.
The resulting electrode was alternately dipped in a solution of 5.0 mM Na2S, prepared freshly, and a solution of 10 mM Cu(OAc)2, each for 5 min until 10 bilayers of CuS were assembled on the electrode. After each immersing, the electrode was rinsed with double-distilled water and dried with N2. The film of CuS was then aged for 2 h at room temperature. For each assembly on the gold electrode, the microgravimetric characterization of the film of CuS could be monitored by using a quartz crystal microbalance (QCM).
Measurement procedure
Prior to use, the prepared Au electrode based on CuS ultrathin film was washed with double-distilled water and dried with N2. Then, the goat anti-human IgA (50 μl, 3.5 mg ml -1 ), BSA (50 μl, 1.0 mg ml -1 ), and human IgA standard solution (50 μl) were applied in turn on the surface of the CuS film, and each was allowed to react for 1 h at 37 C. After each adsorption, the electrode was washed with 0.1 M NaCl with gentle stirring, rinsed with doubly distilled water and dried with N2, followed by a potentiostatic-step measurement.
The potentiostatic-step measurements were performed with CHI-760B in a 10 mM PB solution (pH 7.0). After each immunoassay, the film of CuS was regenerated by rinsing in a 0.1 M glycine-HCl buffer (pH 2.5), and then washed with doubly distilled water. The regenerated CuS film could accomplish up to seven repetitive assays without any significant loss of the detection sensitivity.
Results and Discussion
Capacitance evaluation
There were two different ways to determine capacitance, namely an impedance measurement [31] [32] [33] and a potentiostatic-step measurement. 12 However, it took a lightly long time to acquire a full impedance spectra within a broad range of frequencies. The potentiostatic-step measurement was faster and more convenient and was used in the present work.
Measuring with a potentiostatic-step, it is necessary to adopt a relatively low electrolyte concentration. 22 The current decay depends on the time constant (τ = CtotRs). The higher is the constant, the more slowly does the current decay. Since a low solution resistance is obtained at high electrolyte concentrations, the value of τ should be a low value. This means that only a few current values can be sampled before the current has decayed to zero.
The capacitance measurement with potentiostatic-steps was based on a theoretical assumption that the electrochemical system followed a simplified RC circuit. 22 For such a theoretical mode, the potential was stepped from 50 to 0 mV (vs. SCE), which caused current attenuation. The current decay evoked by a potential step agrees with the following equation:
where i(t) is the current in the circuit as a function of time, u the potential step applied, Rs the dynamic resistance of the recognition layer, Ctot the total capacitance measure at the working electrode/solution interface, and t the time elapsed after the potentiostatic-step being applied. By taking the logarithm of Eq. (1), a linear relationship between ln(i) and t can be obtained, as follows:
Then, Ctot and Rs can be easily calculated from the slope and intercept of the linear curve. The sol-gel CuS film is insulated and extremely thin, which meets the demand of a capacitance measurement with the potentiostatic-step. Figure 2 shows the zoomed i-t curve for a CuS film modified electrode (curve a), an antibody-immobilized electrode (curve b), and the resulting electrode after immunoreaction with an antigen (curve c). Only a few initial readings of the curves were linear, so the first ten current values were usually collected and used for the calculation, according to Eq. (2), which are shown in an insert plot of Fig. 2 . Also, a correlation coefficient better than 0.99 was usually obtained.
Electrochemical characterization of the immunosensor
Cyclic voltammetry (CV) of a fairly reversible redox couple in a 5.0 mM [Fe(CN)6] 3-/4-(0.1 M KCl) of PB solution (pH 7.0) was monitored at a scanning rate of 100 mV/s in a sweeping range from -0.2 to 0.6 V to show the changes of the insulated property of the electrode with various layers of the CuS film. The obtained detailed results are shown in Fig. 3 . As can be distinctly seen, a cyclic voltammogram for the bare gold electrode was comparatively reversible. However, when S 2- ions were chemisorbed on the resulting gold electrode, leading to the formation of a CuS bilayer, the insulating property of the electrode increased significantly, which was approved by a distinct decrease in the peak current of the redox probe. While the bilayers increased gradually, the assembly of the CuS bilayer became even-more compact and uniform on the surface of the electrode, indicating that the free transfer of electrons to the conductive electrode surface did not go smoothly, and so the peak current of a redox probe was reduced stepwise. As illustrated in Fig. 3, 10 bilayers of CuS induced a basal insulation of the gold electrode, so its sol-gel film was adopted in this study. The impedance behavior of 10 bilayers of sol-gel film of CuS, shown in Fig. 4 , also reflects this tendency. Therefore, the ten-bilayers of a CuS modified electrode with a good insulating property could be obtained and used to fabricate the capacitive immunosensor.
When increasing the concentration of Cu(OAc)2 (20, 50 mM), but keeping the concentration of Na2S unchanged, a strange phenomenon was found in preparing the CuS film, in that the electrode remained conductive even if 15 bilayers of CuS were assembled on its surface, indicating that a higher concentration of Cu(OAc)2 did not induce the formation of a compact and uniform bilayer of CuS.
Film thickness with a microgravimetric evaluation
It is very important to know the thickness of the fabricated CuS ultrathin film. A quartz crystal microbalance (QCM) measurement has been used to monitor the preparation process of a film of a CuS layer-by-layer. Figure 5 shows that the frequency shift of the QCM increased when the CuS bilayers were stepwise assembled on the gold surface of the crystal by alternative dipping in Na2S and Cu(OAc)2 solutions. The average change of the total frequency with 464 Hz (SD = ±13 Hz, n = 5) was obtained after 10 CuS bilayers were adsorbed on the crystal. Because the copper ions could form a firm chelate, a five-membered heterocyclic compound, with -NH2 and -COOH groups of cysteine initially, the frequency decrease with the first adsorption of Cu 2+ ions was almost three-times larger than that of other cycles of adsorption of Cu 2+ ions. For one CuS bilayer assembled, the average frequency decrease due to the later 9-times adsorption of S 2-and Cu 2+ ions could be calculated to be 17 ± 2 Hz and 28 ± 3 Hz (n = 9), respectively. The thickness of ultrathin CuS film could be obtained by QCM measurements, that the relationship between the thickness of the deposited film (d) and the frequency shifts (∇f ) could be derived from the Sauerbrey equation, 34 which can be described by
where d is the thickness of CuS film (cm), ∇f the frequency shifts (Hz), ρc the density of deposited film, and f the primary frequency of the crystal (Hz). Herein, the density of CuS is 4.6 g cm -3 , the primary frequency is 9.0 MHz, and the frequency shift was measured as 464 ± 13 Hz (n = 5), so the thickness of a CuS ultrathin film of 10 bilayers was calculated to be 5.8 ± 0.2 nm (n = 5). Also, each bilayer of CuS could be evaluated to be 0.56 ± 0.04 nm (n = 9). Thereafter, the thickness of the film of the CuS bilayer could be easily controlled to meet the demand of the capacitive immunosensor by the experiment.
Effect of the pH on capacitance immunosensors
Since the medium pH had a commonly effect on the configurations and electrostatic states of proteins, the pH value should play a vital role in the immobilization of an antibody and the interaction of an antibody-antigen. The pH dependence of an adsorbing antibody on the surface of a CuS film-modified electrode was tested over a pH range from 5.0 to 9.0 in the experiment (see Fig. S1 , Supporting Information). For the adsorption of an antibody on the film of a CuS bilayer, the lower was the medium pH, the larger was the capacitance of the immunosensor changed. However, for the adsorption of an antigen on the resulting sensing interface, the maximum change of the capacitance was observed at around pH 7.0. Therefore, taking the pH dependence of the denaturalization of a protein into account, an appropriate pH of 7.0 was chosen for the assay experiment.
Detection of human IgA
The interaction between human IgA (analyte) and goat anti-human IgA immobilized on the CuS film could be directly monitored by determining the capacitance with a potentiostatic-step. The capacitance changes resulting from the sensing of analyte human IgA with different concentrations are shown in Fig. 6 . The capacitance change was observed to be linearly dependent upon the IgA concentration in the range of 1.81 -90.5 ng ml -1 (Fig. 6 inset) , and the calibration equation was obtained as ΔC (nF cm -2 ) = 285.3 + 7.797c (ng ml -1 ), with a correlation coefficient of 0.9973 (n = 5). The detection limit had a lowest value of 1.81 ng/ml that could be detected.
Investigation on interference
The interference from other proteins in real samples is a very important factor to be considered for a biosensor. Thus, the degree of nonspecific adsorption of other proteins for the anti-human IgA immobilized CuS film electrode was investigated. The modified electrode was incubated in a PB solution (pH 7.0) containing 1.0 mg ml -1 BSA, or 9.8 μg ml -1 complement III (C3), or 11.4 μg ml -1 IgG for 60 min, and the capacitance response was measured with the potentiostatic-step method. The maximum change of the capacitance, 22.7 nF cm -2 , generated from a nonspecific adsorption of BSA, had a negligible effect on the capacitance change caused by the interaction between anti-human IgA and the target antigen, human IgA, even though the concentration of BSA was much higher than that of IgA. This suggested that the observed capacitance change of the present immunosensor to human IgA antigen was due to its specific binding well on the electrode surface, and there were no obvious interferences from the nonspecific adsorption of other proteins.
Reproducibility
To examine the reproducibility of an immunosensor modified with the ultra-thin CuS film by the present fabrication procedure, various concentrations of human IgA in the linear detection range were determined with five different electrodes. The standard deviations for testing 36.2 and 54.3 ng ml -1 human IgA samples were ±22.0 and ±51.9 nF cm -2 (n = 5), respectively. The corresponding relative standard deviations were 3.9 and 7.2%, respectively, indicating that the present immunosensor possessed nice reproducibility.
Regeneration ability and recovery
The reusability was also evaluated as an important feature of an immunosensor. Between immunoassays, regeneration of the used immunosensor was carried out in a stirred acidic medium of 0.1 M glycine-HCl (pH 2.5) for 15 min. After seven cycles of use and regeneration for the same electrode, the percentage of capacitance change on the analyte human IgA decreased by 2.94%. There was almost no obvious decrease in the capacitance response after the same electrode was used seven times, indicating that the anti-human IgA immobilized electrode also possessed nice stablity. Thus, the capacitive immunosensor could be reusable for at least seven times.
To examine the applicability and reliability of using the present immunosensor, the recovery experiment of four serum samples with the addition of different concentrations of human IgA from XiangYa Hospital (Changsha, China) was performed. All measurements were carried out five times; the results are listed in Table 1 . The recovery of the CuS film-based immunosensor was obtained in the range of 96.1 -104.4% with an average relative standard derivation (RSD) of 6.5% (n = 4), indicating that the present immunosensor possessed promising applicability and reliability.
Conclusions
In the present work, a novel capacitance immunosensor based on ultrathin CuS films was successfully fabricated to directly determine human IgA antigen. The CuS films were electrically insulating, ultrathin (5.8 nm) and stable. CuS films with high permittivity increased the RC time constant of the immunosensors greatly, which satisfied the demand of potentiostatic-step measurements. With high sensitivity, selectivity, reproducibility and regeneration ability, the immunosensor can be well applied to the detection of human IgA in serum samples with a recovery of 96.1 -104.4%, indicating its promising applicability and reliability. 
